Summary Treatment with zoledronic acid in osteoporotic patients with spinal fusion shortens the duration of time to fusion, improves the fusion rate, prevents the subsequent adjacent vertebral compression fractures, improves the clinical outcomes, and prevents immobilization-induced bone loss in the hip. Introduction The objective of the study was to explore the effects of zoledronic acid on the healing process in osteoporotic patients following spinal fusion in a randomized, placebo-controlled, and triple-blinded study. Methods Seventy-nine osteoporotic patients with single-level degenerative spondylolisthesis were randomly assigned to receive either zoledronic acid infusion (zoledronic acid group) or saline infusion (controls) after spinal fusion. Functional radiography and CT scans were used to evaluate fusion status. Bone formation was graded into three categories: Grade A (bridging bone bonding with adjacent vertebral bodies), Grade B (bridging bone bonding with either superior or inferior vertebral body), or Grade C (incomplete bony bridging). A solid fusion was defined as less than 5°of angular motion with Grade A or B bone formation. Adjacent vertebral compression fractures (VCF) were assessed on MRI at 12 months after surgery. Serum level of carboxy terminal cross-linked telopeptide of type I collagen (β-CTX) and amino-terminal propeptide of type I procollagen (PINP) was measured. Bone mineral density (BMD) was measured by DXA. Oswestry Disability Index (ODI) was used to assess the clinical outcomes. Results Grade A or B bridging bone was more frequently observed in zoledronic acid group at 3, 6, and 9 months post-operation compared to the control group (p<0.05). At 12-months post-operation, bridging bone and solid fusion were not significantly different between groups. No patients in zoledronic acid group showed aVCF, whereas six patients (17 %) in the control group did (p<0.05). Both β-CTX and PINP were suppressed in zoledronic acid group. BMD at the femoral neck decreased rapidly and did not return to the preoperative level in the controls at 3 (−1.4 %), 6 (−2.5 %), and 12 (−0.8 %) months after surgery. Zoledronic acid prevented this immobilization-induced bone loss and increased BMD. ODI showed the improved clinical outcomes compared with controls at 9 and 12 months post-surgery. Conclusion Treatment with zoledronic acid in osteoporotic patients with spinal fusion shortens the time to fusion, improves the fusion rate, prevents subsequent aVCFs, and improves clinical outcomes.
Introduction
Spinal fusion with instrumentation is one of the most common orthopedic procedures for the treatment for spinal instability, trauma, and deformity. As the population ages, disability associated with spinal pathology and spinal surgery is rapidly increasing and there is a concomitant increase in prevalence of osteoporosis which is a detrimental factor for spinal fusion and instrumentation. Osteoporosis-related bone fragility is a primary reason for implant fixation failure, spinal fusion failure, and vertebral compression fractures (VCFs) above or below the fusion sites [1] . In order to minimize fusion-associated sequelae, expandable pedicle screws, bone cement augmented techniques [2] , and bone morphogenetic proteins [3] were utilized. However, these methods don't prevent all the problems associated with bone fusion. Osteoporosis is a complex systemic metabolic bone disease characterized by an imbalance between osteoblastic and osteoclastic activities, resulting in progressive bone fragility [4] . We therefore hypothesized that intervention with an anti-osteoporosis agent would improve outcomes in spinal fusion and instrumentation.
Bisphosphonates, used as first-line therapies for osteoporosis, work by inhibiting osteoclastic function and subsequently inducing osteoclast apoptosis [5] . They have been shown to reduce the bone turnover rate, increase bone mineral density (BMD), and prevent VCFs [6] . Successful spinal fusion and instrumentation requires optimal coordination between bone formation and resorption. Bisphosphonates through extensive inhibition of bone resorption may lead to decreased bone formation as a result of uncoupling of the balance between osteoclastic and osteoblastic activities [7] . However, studies in animal models [8] [9] [10] and in humans [11] on the role of alendronate in spinal fusion yielded inconsistent results. Furthermore, zoledronic acid, a third-generation nitrogen-cont a i n i n g b i s p h o s p h o n a t e , d i ff e r s f r o m p r e v i o u s bisphosphonates in that bone resorption is inhibited, which leads to an increase in secondary mineralisation and in refilling of remodeling space or existing resorptive pits [12, 13] . Furthermore, in a rabbit spinal fusion model, zoledronic acid had been shown to increased fusion mass size and bone mineral content [14] . These results suggest that zoledronic acid may provide some benefits for spinal fusions. To our knowledge, clinical investigation using zoledronic acid for spinal fusion and instrumentation has not been reported.
The objectives of this prospectively randomized, placebocontrolled, and triple-blind trial was to evaluate the effect of zoledronic acid on spinal fusion and clinical efficacy in osteoporotic patients following single-level posterior lumbar interbody fusion (PLIF).
Materials and methods

Study design
In this prospectively randomized study, participants, investigators, and outcome assessors were unaware of the group assignments. A 1-year follow-up period was planned.
Enrollment commenced in October 2011 and concluded at the end of March 2012, and the follow-up period ended in March 2013. The institute review board and human research ethics committee of our university approved this study. All participants provided written informed consent.
The inclusion criteria was a diagnosis of single-level degenerative spondylolisthesis with symptoms of low back pain and/or leg pain for at least 3 months, which was not be adequately controlled by nonoperative treatments including bed rest, bracing, non-steroidal anti-inflammatory drugs, and physical therapy. Another inclusion criterion was the diagnosis of osteoporosis, defined as a bone mineral density (BMD) at the lumbar or femoral neck with 2.5 standard deviations or more below the mean peak bone mass measured by dualenergy X-ray absorptiometry (DXA). Exclusion criteria were evidence or suspicion of neoplasm, infection, acute vertebral fractures, history of lumbar surgery, history of a antiosteoporosis medication, severe spinal deformities such as degenerative scoliosis, uncorrected bleeding diatheses, renal insufficiency (Creatinine Clearance Rate <35 ml/min), and other metabolic disorders.
A total of 79 subjects (65 women and 14 men) in our hospital were recruited for this study and randomly assigned to receive either zoledronic acid infusion (5 mg) (zoledronic acid group) or placebo as the same volume of saline (control group), after single-level PLIF. All Patients received daily 1000-mg elemental calcium and 800 IU vitamin D.
Ten patients were lost to follow-up because of death, deep wound infection, or withdrawal from participation. In the zoledronic acid group, one died of traffic accident and one of stroke. One in control group died of pneumonia. A total of 69 patients completed the 1-year follow-up (33 in the zoledronic acid group, 36 in the control group) (Fig. 1) . No significant differences between groups were detected in age, gender, BMD, Oswestry disability index (ODI) score, or the level and grade of degenerative spondylolisthesis (Table 1) .
Surgical procedure and postoperative care
Patients were placed on an appropriate surgical frame in a prone position under general anesthesia. Through a routine posterior approach, the spinous processes were exposed and the paraspinal muscles were retracted to the tips of the transverse processes. Pedicle screws were inserted through the pedicles of the vertebrae that were proximal and distal to the vertebral space afflicted by spondylolisthesis. Laminectomy was performed for almost all of the caudal two thirds of the spinous process and laminae including both inferior facets of the spondylolisthesis level, to decompress the nerve roots and enlarge epidural space. Rods were applied to pedicle screws. Expanding pincers were used to recover the spine alignment and enlarge the intervertebral space under fluoroscopy. All the disc materials were removed to ensure proper end-plate preparation. The bone graft materials, a mixture of the local bone harvested from the lamina and allograft bone, were packed as tightly as possible into the disc space. Compressing pincers were used, and the screws were tightened to apply the compressive load to the bone graft materials. All surgeries were performed by the same surgical team.
Wound drains were removed when the output was less than 30 ml/24 h. Bed rest was advised for the first month after surgery. Zoledronic acid (5 mg) or the same amount of saline was infused at 3 days after surgery.
Radiographic evaluation
Posterior-anterior radiography was taken to observe the integrity and the location of the screws and rods at 3, 6, 9, and 12 months post-operation. The functional radiography and CT scans at 3, 6, 9, and 12 months after surgery were evaluated for fusion status. Flexion radiography was obtained with the patient in a standing position trying to bend forward as far as possible, and an extension one was obtained with the patient maximally arching the back. Coronal and sagittal multiplanar CT reconstruction was obtained through the spinal fusion level by 4-mm contiguous slices. Bone formation was graded into the following three categories: Grade A as bridging bone bonding with both adjacent vertebral bodies, Grade B as bridging bone bonding with either superior or inferior vertebral body, or Grade C as incomplete bony bridging (Fig. 2) . A solid fusion was defined as less than 5°of angular motion on flexion-extension radiographs at the fusion level and the presence of Grade A or B bone formation [11] . Subsequent VCF was assessed on MR imaging, including T1-weighted, T2-weighted, and STIR images, at 12 months postoperation.
Bone metabolic marker measurements and BMD assessment
Bone resorption was assessed by measuring the serum level of carboxy terminal cross-linked telopeptide of type I collagen (β-CTX). The level of amino-terminal propeptide of type I procollagen (PINP) was measured in serum to evaluate bone formation. To minimize diurnal variation of bone metabolic markers, the samples were obtained in the morning. Due to instrumentation at the lumbar site, BMD was measured only at the femoral neck by DXA at 3, 6, and 12 months after surgery.
Clinical evaluation
Clinical outcome was evaluated using ODI score derived from the Oswestry Low Back Pain Questionnaire used by clinicians and researchers to measure degree of disability and estimate quality of life in a person with low back pain. This selfcompleted questionnaire contains ten topics and each topic category is followed by six statements with the first statement being zero indicating the least amount of disability, and the last statement scored five indicating most severe disability [15] . The data were recorded before surgery, 3, 6, 9, and 12 months after surgery. All adverse events were reported, too.
Statistical analyses
The results are presented as mean±standard deviation (SD). The data distribution was determined. Non-parametric tests were used to compare the difference between zoledronic acid and control groups. In multiple comparison procedure, Bonferroni adjustment was used. Significance of difference in frequency between groups was evaluated with two-tailed Fisher's exact test. The SPSS 16.0 software package (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. Table 1 shows demographic characteristics of the patients before surgery. There was no significant difference in the patients' background, BMD, ODI score, or the level and grade of degenerative spondylolisthesis.
Results
There were no implant fixation failures detected during the follow-up. Grade A or B bone formation assessed by CT was more frequently observed in the zoledronic acid group at 3, 6, and 9 months postoperatively compared to the control group (p<0.05) (Fig. 3) . However, there was no significant difference in bone formation status between the two groups at 12 months post-operation. At 12 months post-surgery, there were 19 patients in Grade A bone formation (58 %), eight patients in Grade B (24 %), six patients in Grade C (18 %) in the zoledronic acid group, and 20 patients in Grade A bone formation (56 %), 10 patients in Grade B (28 %), six patients in Grade C (17 %) in the control group. At the 1-year observation, 27 of 33 patients (82 %) in the zoledronic acid group and 30 of 36 patients (83 %) in the control group had solid fusion (p>0.05). No subsequent VCFs occurred in the zoledronic acid group, while six patients (17 %) in the control group developed VCFs (p<0.05). In addition, four of the six patients who developed subsequent VCFs showed no solid fusion. Table 2 shows the time course of serum bone metabolic markers β-CTX and PINP in both groups. In the control group, the serum level of β-CTX and PINP fluctuated around the preoperative baseline. However, the serum level of β-CTX in the zoledronic acid group was below the preoperative baseline at all postoperative periods. The level decreased rapidly by 91.8 % on the 10th day after operation and did not return to the preoperative baseline even at the end of the study, with −76 % at 3 months, −73 % at 6 months, −69 % at 9 months, and −66 % at 12 months after surgery. The serum level of PINP as a marker of bone formation in the zoledronic acid group also decreased by −11 % on the 10th day after operation, plummeted to a nadir at 3 months post-operation by −61 %, and gradually increased but remained below the preoperative baseline, by −49 % at 9 months and −43 % at 12 months after surgery. There was significant difference in bone resorption and formation between the groups at all postoperative periods (p<0.05). Table 2 shows the change in BMD at the femoral neck. In the zoledronic acid group, the BMD was elevated by 1.2 % at 3 months after surgery, 2.5 % at 6 months after surgery, and 3.3 % at 12 months after surgery. In the control group, Fig. 2 Representative sagittal reconstructed computed tomography (CT) images demonstrate a 3-category grading system to evaluate bone formation. Grade A: bridging bone bonding with adjacent vertebral bodies, Grade B: bridging bone bonding with one vertebral body, and Grade C: incomplete bony bridging however, the BMD decreased below the preoperative baseline at all postoperative periods, with −1.4 % at 3 months, −2.5 % at 6 months, −0.8 % at 12 months after surgery. There was significant difference in the percentage change of the BMD between the groups at all postoperative periods (p<0.05). Fig. 3 Grade A or B bone formation is significantly more frequently observed in the zoledronic acid group at 3, 6, and 9 months post-surgery (p<0.05). There was no significant difference in bone formation status between two groups at 12 months post-operation The mean ODI score in the zoledronic acid group consistently decreased until 12 months after surgery (p < 0.01) (Fig. 4) . In the control group, the mean ODI score decreased until 3 months post-operation and reached a plateau thereafter. The difference in ODI scores between the groups was statistically significant at 9 months and 12 months after surgery (p<0.05).
In the zoledronic acid group, there were three (9 %) patients with spine fusion failure, without any VCF detected on MRI. In the control group, there were five (14 %) patients with spine fusion failure and six (17 %) with VCFs. These patients had poor clinical outcomes, with less than 20 % improvement in ODI score.
Discussion
Our investigation is the first randomized controlled clinical trial to examine the effect of zoledronic acid on the postsurgical formation of spine fusion. In our study, the use of zoledronic acid shortened the duration of time to fusion, prevented the subsequent VCFs, and improved the clinical outcome after instrumented lumbar inter-vertebral fusion in osteoporotic patients.
The biology of spinal fusion and instrumentation is a complex process that requires de novo bone formation and remodeling by the appropriate coordination between bone formation and resorption. Our rationale for the study was that therapies for osteoporosis targeting this complex process might improve outcomes in spinal fusion. Nitrogen-containing bisphosphonates, such as alendronate, risedronate, ibandronate, and zoledronic acid, were currently used as first-line agent for prevention and treatment for osteoporosis [16] . Bisphosphonates increase BMD, decrease the levels of biomarkers of bone resorption, and reduce the risk of osteoporotic fractures, which results from both their affinity for bone mineral and their inhibitory effect on osteoclastic cell function [6] . In animal studies, the effect of bisphosphonates on spine fusion and instrumentation are mixed. To our knowledge, the first report on the role of bisphosphonates in spine fusion in animals was published in 2003 [8] . In that study, pigs underwent anterior intervertebral lumbar arthrodesis, and alendronate was given orally to the animals. Histomorphometric analysis showed that a relatively low-dose and short-term alendronate treatment did not impair the formation of new bone but increases bone ingrowth into the central hole of the porous tantalum ring and the pores of the porous tantalum in the porcine model. Xue et al. [9] investigated the effects of alendronate on bone-pedicle screw interface fixation using a pig posterolateral lumbar fusion model with the CD Horizon pedicle screw system. They demonstrated that alendronate enlarged the bone-screw contact surface but did not improve the biomechanical strength of the bone/implant interface. Huang et al. [10] used histomorphometric and radiographic assessments to determine whether alendronate enhanced fusion rate in a rat posterolateral lumbar fusion model and demonstrated that alendronate increased the size and density of the fusion mass but decreased the chance of a solid fusion. Because of the different biologic and biomechanical environments between animal and human, Nagahama et al. conducted a human trial of 36 patients with regard to the effects of alendronate on spine fusion [11] . In that study, alendronate shortened the duration of fusion, improved the fusion rate, prevented the subsequent VCFs, and improved the clinical outcome.
Zoledronic acid shows significant differences in binding affinity to bone mineral and the degree to which it reduces osteoclastic activity by inhibition of farnesyl pyrophosphate synthase compared to other bisphosphonates. Recker et al. [12] used histomorphologic analysis and micro-computed tomography (micro CT) to examine bone specimens from postmenopausal women with osteoporosis treated by intravenous zoledronic acid at 5 mg yearly for three consecutive years. The bone specimens showed a reduction in activity of bone remodeling, accompanied by increased volume of trabeculae and a much higher mineralization rate. The findings suggest that injection of zoledronic acid once a year had little effect on osteoblasts. Ramen spectroscopy further revealed an increased mineral-to-matrix ratio after zoledronic acid treatment. The mineralized crystals in newly formed bone were orderly arranged, which was suggestive that zoledronic acid promoted bone matrix formation [17] . Bransford et al. [18] used manual palpation and radiographic assessment to determine whether zoledronic acid enhanced fusion rate in a rabbit intertransverse fusion model. They demonstrated that zoledronic acid increased the size and bone mineral content of the fusion mass and led to an increased fusion rate and recommended that bisphosphonate treatment should be maintained to enhance successful spinal fusion. Yalcin et al. [19] demonstrated the positive role of zoledronic acid in posterolateral Fig. 4 The mean Oswestry disability index (ODI) score in the zoledronic acid group is consistently decreased until 12 months after surgery (p<0.01 vs preoperative baseline). In the control group, the mean ODI score decreased until 3 months post-operation, but thereafter reached a plateau. The difference in ODI scores between the groups was statistically significant at 9 months and 12 months after surgery. * p<0.05 lumbar fusion in rabbits, too. These studies in animals on the role of zoledronic acid in spinal fusion have yielded consistent results. Tu et al. [20] retrospectively analyzed 64 patients with both degenerative lumbar spondylolisthesis and osteoporosis who underwent lumbar interbody fusion surgery with regard to the effects of zoledronic acid on spine fusion. Zoledronic acid lowered the incidence of final subsequent VCFs, pedicle screw loosening, cage subsidence, and improved the clinical outcomes. In a hip fracture study with a very large sample size [21] , protection against hip fracture-associated osteoporosis did not occur when zoledronic acid was given within 6 weeks of fracture. This was likely due to the distribution of zoledronic acid to the fracture site as opposed to systemic distribution. We plan to continue to follow up the subjects of the current study because the protected effect on the hip BMD in the current study may translate into hip fracture reduction in the future. Future study is warranted to investigate the optimal timing of administration of medication for consistently enhanced fusion by 1 year and beyond.
Our radiographic results showed that the numbers of patients achieving grade A or grade B bone graft fusion and solid fusion were much higher in the zoledronic acid group than in the control group in most of the follow ups except 12-month post-surgery. Treatment with zoledronic acid facilitated spine fusion and shortened the time to fusion. This study confirmed that BMD at the femur neck decreases rapidly because of the immobilization after surgery and did not return to the preoperative level even at the end of the trial. Zoledronic acid was effective in preventing the bone loss and result in increased BMD at the femur neck. Because of spinal instrumentation, the postoperative BMD at the lumbar vertebrae could not be measured, but extensive studies indicate a good correlation between BMD at the femur neck and that at lumbar vertebrae. An improved BMD could effectively prevent subsequent VCFs. There was no subsequent VCF in the zoledronic acid group, while six cases (17 %) in the controls showed VCFs. There was statistically significant difference in clinical outcomes between the two groups, and the poor clinical results were associated with placebo fusion and subsequent VCFs. Biochemical analyses of the bone metabolic markers demonstrated that zoledronic acid rapidly inhibited bone resorption from the early phase of the bone fusion process and bone formation was also suppressed. Bone formation might be downregulated by a consequence of osteoclast inhibition through coupling processing [22] . Our study confirms a similar study [23] that residronate did not decrease spine fusion. Anabolic agent such as PTH showed robust effects to reduce pedicle screw loosening in spinal surgery [23] . In our study, no pedicle screw loosening was identified in either group.
Apart from the strength of our randomized placebocontrolled study, this study has its limitations. The sample size of this prospective study is relatively small. In addition, the follow-up time over 12 months is relatively short, though the study already showed effect on vertebral fracture in the placebo group. Finally, the definition of a solid fusion by assessing instability between the flexion and extension positions could potentially underestimate fusion status, because pedicle screw fixation provides immediate stability to the operative segments and might lead to overestimation of fusion status, but we applied the same evaluation to both groups.
Conclusions
The current study evaluated the efficacy of zoledronic acid infusion for spine fusion after instrumented lumbar intervertebral fusion in patients with osteoporosis. Bone metabolic marker analyses showed suppression of both bone formation and bone resorption by zoledronic acid. Compared to placebo, zoledronic acid treatment prevented the subsequent VCFs, shortened the time to fusion, improved the clinical outcome, and prevented immobilization induced bone loss in the hip.
